Introduction {#Sec1}
============

Due to their unique physicochemical properties and depending on their morphology, palladium nanoparticles (PdNPs) may find an application in catalysis (Das et al. [@CR5]; Gómez-Martínez et al. [@CR10]; Lemo et al. [@CR12]; Li et al. [@CR13]; Magdesieva et al. [@CR19]; Ncube et al. [@CR23]; Reyes-Rios and García [@CR26]; Shen et al. [@CR27]), sensors (Chen et al. [@CR2]; Choi et al. [@CR3]; Cincotto et al. [@CR4]; Gupta et al. [@CR11]), fuel cell (Brandão et al. [@CR1]; Ohara et al. [@CR24]), and hydrogen storage (Dündar-Tekkaya and Yürüm [@CR6]; Fang et al. [@CR8]; Faye et al. [@CR9]; Ma et al. [@CR17]; Nair et al. [@CR22]; Pang and Li [@CR25]; Thanh et al. [@CR31]; Viswanathan [@CR32]).

Our attention was attracted by the process of catalysis, which uses 73.5% of the world's palladium production (<https://www.advantagefutures.com/outlook-2016/>). It also seems that the demand for palladium will grow due to the rapid development of the industry. It is known that the best catalytic properties are associated with nanoparticles size, due to high surface to volume ratio. However, for many systems production, heterogeneous catalyst, even with excellent catalytic properties, is not enough. It is known that an equally important feature of catalysts is the ease of removing them from the gas or liquid-phase reaction mixture, as well as their ability to be reused. For the first purpose, catalyst supports like active carbon, Al~2~O~3~, TiO~2~, and SiO~2~ are applied. The choice of these materials consists in their inert behavior in various environments. The process of catalyst arrangement on a support can be achieved using precipitation and impregnation method (Munnik et al. [@CR20]; State et al. [@CR28]), conducted in a batch reactor. Precipitation techniques induce metal particle growth by supersaturation of the precursor solution, resulting in metal particle nucleation and growth. This can be done in conjunction with the formation of the support (coprecipitation) or on an existing support (precipitation deposition). Impregnation techniques bring the support into contact with a precursor solution. Low loadings of noble metals on a catalyst carrier are achieved by adsorption of the metal precursor by surface groups existing on the support, after which excess precursor is removed. Otherwise (higher loadings), the washing step is skipped and the support is dried directly so that whole amount of the precursor ends up on the support (impregnation and drying). Catalytic particles may also be formed in the colloidal route, in which metal precursor is reduced using reductant and the formed particles size and shape can be additionally controlled using stabilizers or ligands. After that, the formed particles are deposited on the support. The vapor deposition includes metal atoms, clusters, or organic substances in the gaseous phase, that selectively react with carrier surface groups (Munnik et al. [@CR20]).

Such a process is multistage, takes some time, and requires further product purification. Thus, it is desirable to develop a relatively cheap and simple technique of particle production, which will eliminate these disadvantages and shorten the time of catalyst preparation. One of the ways to improve the process is its transfer from macroscale to microscale, which can be realized in microsystems (Ehrfeld et al. [@CR7]). The term microsystem should be understood as a system composed of microreactors, mixers, microcapillaries, and pumps. Most advantages of the microreactor result from its small channel dimensions (high surface to volume ratio), which allow for fast reagents mixing, very rapid heat and mass transfer, controlled residence time of reagents in the microchannel realized by, e.g., flow rate and dimension of the channels, low reagent consumption, and a small amount of generated waste. Besides, the microsystem is flexible, because it allows for the connection of many reactors together, if a process requires a lot of reagents. It can also be applied to multistage processes, which require different conditions each. The microsystem allows the process intensification (Yao et al. [@CR35]), and may find the application in such areas as biodiesel production (Madhawan et al. [@CR18]), catalysis (Tanimu et al. [@CR30]), green and sustainable synthesis, nanoparticle synthesis (Wojnicki et al. [@CR33]; Zhao et al. [@CR37]), and their deposition on the active carbon (Luty-Błocho et al. [@CR14]) as well as metal particle synthesis in aqueous solution even at temperatures above 100 °C (Luty-Błocho et al. [@CR15]).

In this work, we have explored the conditions necessary to obtain PdNPs in one-step continuous process, and their deposition on carbon fibers.

Experiment {#Sec2}
==========

Materials {#Sec3}
---------

### Precursor of metallic palladium {#FPar1}

The basic solution of Pd(II) ions was 0.1127 M of \[PdCl~4~\]^2¯^. The stock solution was prepared by dissolving of 14.8846 g Pd (pure 99.99; Mennica Państwowa, Poland) in an aqua regia (mixture of concentrated hydrochloric and nitric acid in volume ratio 3:1, POCH; Gliwice, Poland) repeated evaporation to dryness and dilution in deionized water repeated twice (Wojnicki et al. [@CR34]).

### Reductant {#FPar2}

L-ascorbic acid (Sigma-Aldrich, Germany) in proper amount was dissolved to obtain the desired concentration of the reductant. All reagents used in experiments were pure grade.

### Active carbon fibers as PdNP carrier {#FPar3}

In order to prepare nanoparticle carrier, the commercially available carbon mate was applied. Activation of the carbon fiber surface was made according to the procedure described previously (Muszynski et al. [@CR21]). For this purpose, 2.5 g of carbon fibers was added to the mixture of sulfuric acid (44 mL) and nitric acid (29 mL). Agitation of the mixture was carried out very carefully in a fume cupboard over 30 min, where potassium chlorate was added. Then, the mixture was stirred under a fume hood for 5 days until the stripping of "yellow gases" came from nitric dioxide. After this time, the mixture changed the color from yellow to blue and the obtained suspension was diluted with 2 l of deionized water and then filtered. The precipitate was additionally rinsed with 250 ml of 5% solution of hydrochloric acid. Finally, the carbon fibers were rinsed twice with deionized water to remove excess of HCl. The filtered carbon fibers were dried at 80 °C for approximately 12 h. In all experiments, 0.01 g of active carbon fibers was used.

Sample analysis {#Sec4}
---------------

### Spectrophotometer {#FPar4}

UV-Vis (Shimadzu, Japan), working in the wavelength range of 190--900 nm, was used to register the kinetics of the reaction and to analyze plasmon resonance, respectively. In order to measure the size and size distribution of the obtained particles, Nanozetasizer Nano-ZS (Malvern, UK) was used. The microstructure observations were performed using scanning electron microscopy (SEM; Hitachi U-70, Japan).

### Sample preparation for spectrum analysis {#FPar5}

The samples with the PdNPs were analyzed spectrophotometrically (plasmon) 10 min after collection of about 2 ml of the solution. The sample of colloidal palladium collected during experiments was examined twice (before and after passing the solution with PdNPs through the filter with ACF).

### Sample preparation for dynamic light scattering analysis {#FPar6}

Directly after plasmon registration, the solution with colloidal palladium was analyzed (size and size distribution) using dynamic light scattering (DLS) (Nanozetasizer Nano-ZS, Malvern, UK) method.

### Sample preparation for microscope analysis {#FPar7}

Immediately after collection of PdNPs for spectrum analysis, i.e., 1 min, after collecting the required volume for spectra and DLS analysis, the Pd/ACF was removed from the filter and dried at 50 °C for 4 h. After this time, the catalyst was cooled down, and was glued by Nafion to SEM sampler and dried again at room temperature for at least 12 h. The prepared sample was analyzed with the use of SEM microscope.

Experimental setup {#Sec5}
------------------

The palladium nanoparticle synthesis was conducted in the flow microreactor (Syrris, UK) with total volume 250 μl (mixing zone parameters: channel deep 250 μm, wide 300 μm; reacting zone: deep 250 μm, wide 400 μm, and length 2509 mm; Fig. [1](#Fig1){ref-type="fig"}). The microreactor was coupled with two syringe pumps operating at a flow rate from 0.001 to 10 ml/min, and a Teflon capillary that led the solution from the microreactor to the sampler. The microreactor contains two inputs: one for an aqueous solutions of L-ascorbic acid and another one for Pd(II) ions. Reagents are mixed in a micromixer and then directed to the reacting channel where the reduction reaction, the nucleation, and subsequent growth of palladium nanoparticles take place. The microreactor system is shown in Fig. [1](#Fig1){ref-type="fig"}.Fig. 1The scheme of microreactor system used for continuous PdNP synthesis and their deposition on active carbon fibers. 1a---a reservoir for the reducer, 1b---water, 2---a pump, 3---a thermostat, 4---a microchip, 4a---reductant input, 4b---metal precursor input, 4c---double T-mixing junction, 4d---fluid output, 5---a reservoir for Pd(II) ions, 6---filter with active carbon fibers, 7---sample

As a result of the synthesis conducted in a microflow, the palladium nanoparticles were obtained and deposited on a carbon carrier. Synthesized nanoparticles were analyzed spectrophotometrically. The morphology and size distribution of synthesized materials were analyzed using DLS method and SEM.

Experimental conditions {#Sec6}
-----------------------

Synthesis of palladium nanoparticles was carried out under different conditions shown in Table [1](#Tab1){ref-type="table"}.Table 1Experiment conditions for palladium nanoparticle synthesis in microreactor and PdNP deposition on ACFReagents concentrationTemperature, *T* (°C)pH*C*~0,Pd(II)~ (mM)*C*~0,H2Asc~ (mM)An influence of initial concentration of metal precursor 0.050.1403.1 0.100.2 0.200.4 0.300.6 0.400.8 0.501.0An influence of initial concentration of reductant 0.20.10.20.4403.50.60.8

Relation between kinetic study and flow parameters {#Sec7}
--------------------------------------------------

The processes of reduction and particle deposition on carbon support in the flow require kinetic data which are necessary to flow parameter calculation. For this purpose, we used kinetic data given in our previous work. Based on that previous study (Wojnicki et al. [@CR34]), the optimal resistance time *t*~0~ and total flow rate (i.e., 6.0 ml/min) in the microreactor were established (see Supplementary materials) from the obtained sigmoidal curves related to slow nucleation and fast autocatalytic growth. Constant temperature for nanoparticle synthesis in the flow was also selected (40 °C).

Results and discussion {#Sec8}
======================

In order to optimize the size and the size distribution of PdNPs, two variables can be adjusted at constant temperature, i.e., the concentrations of Pd(II) ions and the reductant.

The influence of initial concentration of metal precursor {#Sec9}
---------------------------------------------------------

The process of PdNP synthesis was carried out at different initial concentration of metal precursor in the range of 0.05--0.4 mM. To keep the constant excess of the reductant, the molar ratio of Pd(II) ions to ascorbic acid was maintained 1:2 (Table [2](#Tab2){ref-type="table"}) in the experiment. As a result of the synthesis conducted in the microreactor, colloidal palladium having different color was obtained (Fig. [2](#Fig2){ref-type="fig"}a--e). The change of color from light yellow which is typical of Pd(II) ions into orange, brown, and gray suggests formation of metal on zero oxidation state.Table 2The values of the radius (**R**~**n**~**, R**~**i**~, calculated by the number (n) and the intensity (i), respectively) of palladium nanoparticles with standard deviation (σ)C~0,\ Pd(IV)~ (mM)C~0,\ AA~ (mM)R~n~ ± σ (nm)R~i~ ± σ (nm)0.050.123.9 ± 7.957.3 ± 25.90.10.223.5 ± 7.754.5 ± 23.20.20.415.6 ± 4.129.0 ± 11.20.30.612.3 ± 3.424.4 ± 9.60.40.813.1 ± 3.725.0 ± 9.3Conditions: C~0,\ Pd(II)~ = 0.05--0.4 mM, C~0,\ AA~ = 0.1--0.8 mM, *T* = 40 °C, *I* = 0.0 M, C~0,\ Cl¯~ = 0.0 MFig. 2Colloidal palladium obtained in microreactor as a result of reduction reaction Pd(II) ions with L-ascorbic acid. Conditions: C~0,\ Pd(II)~ = 0.05--0.4 mM, C~0,\ AA~ = 0.1 (**a**)--0.8 mM (**f**), *T* = 40 °C, C~0,Cl¯~ = 0.0 M

The obtained colloids were analyzed spectrophotometrically and the registered spectra are shown in Fig. [3](#Fig3){ref-type="fig"}. As it was expected, the highest level of turbidity was obtained for the highest amount of metal precursor. As a result of reaction between reagents with their smallest concentration (i.e., 0.05 mM Pd(II) and 0.1 mM ascorbic acid), a peak at about 250 nm was registered. Taking into account that reduction reaction between palladium(II) ions and ascorbic acid requires two donors, the observed peak can be associated with an unreacted reductant. For higher reductant concentration, the increase of absorbance level in the range of 280--500 nm was observed. In accordance with the literature, the plasmon resonance can be observed for palladium particles bigger in diameter than 40 nm (Sugawa et al. [@CR29]). However, in practice, we do not observe any spectrum with visible maximum, which can be explained by unreacted subtract and/or product spectrum overlap.Fig. 3UV-Vis spectra of metallic phase obtained as a result of reduction reaction between Pd(II) ions and ascorbic acid conducted in microreactor at FR = 6.0 ml/min. Conditions: C~0,\ Pd(II)~ = 0.05--0.4 mM, C~0,\ AA~ = 0.1--0.8 mM, *T* = 40 °C, *I* = 0.0 M, C~0,\ Cl¯~ = 0.0 M

The presence of nanoparticles was confirmed by the use of DLS method, and the obtained values of the radius are gathered in Table [2](#Tab2){ref-type="table"}.

It was found that with an increasing amount of palladium(II) ions, the size of particles is decreasing. It can also be seen that polydispersity also decreases. In order to confirm the obtained results, colloidal palladium was examined with SEM microscopy (Fig. [4](#Fig4){ref-type="fig"}).Fig. 4PdNPs obtained in results of reduction reaction Pd(II) chloride complex ions with ascorbic acid and their size distribution. Conditions: FR = 6.0 mL/min, *T* = 40 °C, *I* = 0.0 M, C~0,\ Cl¯~ = 0.0 M. **a** C~0,\ Pd(II)~ = 0.05 mM, C~0,\ AA~ = 0.1 mM. **b** C~0,\ Pd(II)~ = 0.1 mM, C~0,\ AA~ = 0.2 mM. **c** C~0,\ Pd(II)~ = 0.2 mM, C~0,\ AA~ = 0.4 mM. **d** C~0,\ Pd(II)~ = 0.3 mM, C~0,\ AA~ = 0.6 mM. **e** C~0,\ Pd(II)~ = 0.4 mM, C~0,\ AA~ = 0.8 mM

SEM analysis showed that the size of obtained palladium nanoparticles slightly decreases with increasing initial concentration of Pd(II) ions in the reacting solution. The size distribution also decreases. The obtained palladium nanoparticles are irregular in shape and usually form spherical clusters. Some aggregates were also formed.

The influence of initial concentration of reductant {#Sec10}
---------------------------------------------------

As a result of mixing 0.2 mM solution of the chloride palladium with different amounts of ascorbic acid in the flow microreactor, colloids with a "light brown" color were obtained (Fig. [5](#Fig5){ref-type="fig"}a--e). The change in color indicates that a solid phase appears in the analyzed solutions.Fig. 5Colloidal palladium obtained in microreactor as a result of reduction reaction of Pd(II) ions with L-ascorbic acid. Conditions: C~0,\ Pd(II)~ = 0.2 mM, C~0,\ AA~ = 0.1 (**a**)--0.8 mM (**f**), *T* = 40 °C, *I* = 0.0 M, C~0,\ Cl¯~ = 0.0 M

It was confirmed when solutions containing palladium were analyzed spectrophotometrically. The obtained results are shown in Fig. [6](#Fig6){ref-type="fig"}. In all cases, an increase in the absorbance in the visible light was observed, indicating the appearance of the metallic phase. The presence of palladium nanoparticles was confirmed by dynamic light scattering experiment, and the obtained values of hydrodynamic radius are summarized in Table [3](#Tab3){ref-type="table"}. For smaller amount of ascorbic acid, i.e., 0.1 and 0.2 mM, unreacted Pd(II) ions were identified, since on registered spectrum, two peaks are visible, which are characteristic of palladium complex (λ~max,1~ = 207 nm and λ~max,2~ = 236 nm). For higher amount of reductant, unreacted ascorbic acid was identified, i.e., the characteristic peak was observed at about 250 nm.Fig. 6UV-Vis spectra of metallic phase obtained as a result of reduction reaction between Pd(II) ions with ascorbic acid conducted in microreactor at FR = 6.0 mL/min. Conditions: C~0,\ Pd(II)~ = 0.2 mM, C~0,\ AA~ = 0.1--0.8 mM, *T* = 40 °C, *I* = 0.0 M, C~0,\ Cl¯~ = 0.0 MTable 3The values of radius (**R**~**n**~**, R**~**i**~, calculated by the number (n) and the intensity (i), respectively) of palladium nanoparticles with standard deviation (σ)C~0,\ AA~ (mM)R~n~ ± σ (nm)R~i~ ± σ (nm)Color of the solution0.124.6 ± 6.441.9 ± 14.2Pale brown0.231.0 ± 8.650.2 ± 15.80.420.5 ± 6.045.9 ± 20.50.625.5 ± 7.651.2 ± 20.30.837.1 ± 14.470.1 ± 27.2Conditions: C~0,\ Pd(II)~ = 0.2 mM, C~0,\ AA~ = 0.1--0.8 mM, *T* = 40 °C, *I* = 0.0 M, C~0,\ Cl¯~ = 0.0 M

Basing on the obtained hydrodynamic radius (Table [3](#Tab3){ref-type="table"}), it is difficult to find the influence of the concentration of the reductant on the size of palladium nanoparticles. The radius values (*R*~*n*~) ranged from 20.5 ± 6.0 to 37.1 ± 14.4 nm. In addition, the synthesized palladium nanoparticles were analyzed using SEM, and the obtained results are shown in Fig. [7](#Fig7){ref-type="fig"}a--d. For the lowest initial concentration of L-ascorbic acid, spherical particles (Fig. [7](#Fig7){ref-type="fig"}a) with a diameter of about 50 nm were obtained.Fig. 7PdNPs obtained as a result of reduction reaction Pd(II) chloride complex ions with ascorbic acid and their size distribution. Conditions: *T* = 40 °C, *I* = 0.0 M, C~0,\ Cl¯~ = 0.0 M, C~0,\ Pd(II)~ = 0.2 mM. **a** C~0,\ AA~ = 0.1 mM. **b** C~0,\ AA~ = 0.2 mM. **c** C~0,\ AA~ = 0.4 mM. **d** C~0,\ AA~ = 0.8 mM

For higher concentrations of the reducer, i.e., 0.4 and 0.8 mM, palladium nanoparticles of different shapes like sphere, tetrahedron, and cube are obtained (Fig. [7](#Fig7){ref-type="fig"}c, d). These shapes suggest that the nanoparticle growth mechanism and their appearance can be controlled by a reducer, which confirms our previous findings (Luty-Błocho et al. [@CR16]).

PdNP deposition on ACF {#Sec11}
----------------------

### Deposition in microflow {#Sec12}

Having determined the influence of Pd(II) and reductant concentration on the size and shape, we used this knowledge to produce hybrid material. It can be done by mixing metal precursor with reductant in volume ratio 1:1 in a microreactor chip (part 4 in Fig. [1](#Fig1){ref-type="fig"}). In the first stage, reagents are introduced to the separate microchannels in a microchip. The stream (4a; Fig. [1](#Fig1){ref-type="fig"}) consisting of reductant is split into two parts, which are directed to the *T*-shaped micromixer (4c; Fig. [1](#Fig1){ref-type="fig"}). In this place, two streams with reductant are introduced to the stream with metal ions and the mixing process starts. After that, the reduction reaction between Pd(II) ions and L-ascorbic acid takes place followed by steps like nucleation and autocatalytic grow of palladium nanoparticles. As a result of this process, at the end of the reactor, palladium nanoparticles are formed.

After synthesis, the palladium particles are directed to the microcapillary with the filter in which carbon carrier was closed (Fig. [1](#Fig1){ref-type="fig"}). The obtained solutions with PdNPs were analyzed twice, first before and then after passing through the filter with carbon fibers. The results of these experiments (Fig. [8](#Fig8){ref-type="fig"}) show that the solutions after passing through the filter "discolored." This demonstrates that palladium nanoparticles are adsorbed on the surface of the active carbon fibers.Fig. 8Colors obtained solutions containing palladium nanoparticles resulting from the reduction of the chloride complex of Pd (II) with L-ascorbic. Conditions: C~0,\ Pd(II)~ = 0.05--0.4 mM, C~0,\ AA~ = 0.1 (**a**)--0.8 mM (**e′**), *T* = 40 °C, *I* = 0.0 M, C~0,\ Cl¯~ = 0.0 M. **a**--**e** denote sample before solution passing through filter with ACF, and **a′**--**e′** after solution passing through filter

The obtained colloids were analyzed sepctrophotometrically and the obtained results are shown in Fig. [8](#Fig8){ref-type="fig"}a--e. For each colloid, characteristic spectra in the visible range were registered (Fig. [9](#Fig9){ref-type="fig"}). It was observed that spectral intensity related to the solution after passing it through the filter with active carbon fibers decreases. The obtained results prove that palladium nanoparticles have been adsorbed on the ACF surface.Fig. 9UV-Vis spectrum colloidal phase of palladium obtained as a result of reduction reaction of Pd(II) ions with L-ascorbic acid. Conditions: FR = 6.0 mL/min, *T* = 40 °C, *I* = 0.0 M, C~0,\ Cl¯~ = 0.0 M, C~0,\ Pd(II)~ = 0.05 mM, C~0,\ AA~ = 0.1 mM (**a**). C~0,\ Pd(II)~ = 0.1 mM, C~0,\ AA~ = 0.2 mM (**b**). C~0,\ Pd(II)~ = 0.2 mM, C~0,\ AA~ = 0.4 mM (**c**). C~0,\ Pd(II)~ = 0.3 mM, C~0,\ AA~ = 0.6 mM (**d**). C~0,\ Pd(II)~ = 0.4 mM, C~0,\ AA~ = 0.8 mM (**e**)

However, they also indicate that active carbon fibers may adsorb ascorbic acid (see Fig. [9](#Fig9){ref-type="fig"}a), which was confirmed by a separate test (see, Supplementary materials, Fig. S[1](#Fig1){ref-type="fig"}). Moreover, for higher amount of Pd(II) ions in the solution, rebuilding of the spectrum band was registered with maximum at 207 and 236 nm after passing to the filter. The registered spectrum indicates the presence of Pd(II) ions in the waste solution, and suggests that following reactions take place:$$\documentclass[12pt]{minimal}
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which yields overall reaction$$\documentclass[12pt]{minimal}
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For this reaction ΔG~T~° = −269 kJ and the obtained negative value of Gibbs free energy means that this process (i.e., reaction between metallic palladium and oxygen dissolved in the solution) is spontaneous.

Samples of colloidal palladium used in experiments were also analyzed using DLS method, and the results are summarized in Table [4](#Tab4){ref-type="table"}.Table 4The values of radius (**R**~**n**~**, R**~**i**~, calculated by number (n) and intensity (i), respectively) of palladium nanoparticles with standard deviation (σ)C~0,\ Pd(IV)~ (mM)C~0,\ AA~ (mM)Before *R*~*n*~ ± σ (nm)After *R*~*n*~ ± σ (nm)Before *R*~*i*~ ± σ (nm)After *R*~*i*~ ± σ (nm)Color0.050.123.9 ± 7.929.0 ± 8.057.3 ± 25.949.0 ± 16.3Brown0.10.223.5 ± 7.718.2 ± 4.854.5 ± 23.231.4 ± 10.40.20.415.6 ± 4.1122 ± 2229.0 ± 11.2124 ± 180.30.612.3 ± 3.420.5 ± 5.924.5 ± 9.642.1 ± 16.60.40.813.1 ± 3.716.1 ± 5.025.0 ± 9.344.2 ± 22.8Conditions: C~0,\ Pd(II)~ = 0.05--0.4 mM, C~0,\ AA~ = 0.1--0.8 mM, *T* = 40 °C, *I* = 0.0 M, C~0,\ Cl¯~ = 0.0 M

The values of the obtained hydrodynamic radius indicate that palladium nanoparticles are present in solutions before as well as after passing them through the filter with activated carbon fibers. This means that not all of the particles have been deposited on the ACF. Hydrodynamic radius values indicate that the size of the deposited particles should range from 12.3 ± 3.4 to 23.9 ± 7.9 nm (Table [4](#Tab4){ref-type="table"}). Microscopic analyses were performed to verify the efficiency of the particle deposition process on activated carbon fiber surface. The results are presented in Fig. [10](#Fig10){ref-type="fig"}a--h.Fig. 10Pd/ACF catalyst obtained as a result of nanoparticle synthesis in microreactor and their deposition on active carbon fibers. Conditions: FR = 6.0 mL/min, *T* = 40 °C, *I* = 0.0 M, C~0,\ Cl¯~ = 0.0 M. **a** Active carbon fibers. **b** C~0,\ Pd(II)~ = 0.05 mM, C~0,\ AA~ = 0.1 mM. **c** C~0,\ Pd(II)~ = 0.1 mM, C~0,\ AA~ = 0.2 mM. **d** C~0,\ Pd(II)~ = 0.2 mM, C~0,\ AA~ = 0.4 mM. **e**, **f** C~0,\ Pd(II)~ = 0.3 mM, C~0,\ AA~ = 0.6 mM. **g**, **h** C~0,\ Pd(II)~ = 0.4 mM, C~0,\ AA~ = 0.8 mM

It was found that the palladium nanoparticle deposition on activated carbon fibers (Fig. [10](#Fig10){ref-type="fig"}a) is not effective (Fig. [10](#Fig10){ref-type="fig"}b, c) for the lowest palladium(II) precursor concentrations, i.e., 0.05 and 0.1 mM. Too small amount of introduced ions makes the amount of synthesized nanoparticles small, and therefore, the degree of fibers coverage is negligible. For higher concentrations of Pd(II) ions, i.e., above 0.2 mM, the degree of fiber surface coverage increased significantly (Fig. [10](#Fig10){ref-type="fig"}d--h). The highest degree of carbon fiber coverage was obtained for the highest values of metal ion concentrations (Fig. [10](#Fig10){ref-type="fig"}e--h). It has also been observed that palladium nanoparticles (Fig. [10](#Fig10){ref-type="fig"}e, g) are separated from the fiber at some locations. For the highest concentration of the initial palladium precursor, it was noted that the particles "stick together" to form a nanometric layer (Fig. [10](#Fig10){ref-type="fig"}h).

### Deposition in a batch reactor {#Sec13}

In order to prove the advantage of a microreactor, the process of palladium nanoparticle deposition on ACF was also carried out in a batch reactor. This process for PdNP synthesis was conducted for selected conditions, i.e., 0.3 mM of Pd(II) ions and 0.6 mM of ascorbic acid at 40 °C, which were found to be optimal for the synthesis in a microreactor. Solutions of metal precursor and reductant were heated up to 40 °C, and then, they were simultaneously mixed in volumetric ratio 1:1. After few seconds, the yellow color of the solution (coming from Pd(II) ions) turned into brown. This color change and registered spectrum (Fig. [11](#Fig11){ref-type="fig"}a) confirm that nanoparticles are formed. This colloidal palladium was added to the active carbon fibers (0.01 g) and mixed. The process of impregnation was carried out for 1 h. Next, the active carbon fibers were separated from the colloidal palladium and dried at 50 °C for 4 h. The colloidal palladium before and after impregnation process was examined using spectrophotometric and DLS methods. In addition, active carbon fibers after impregnation stage were analyzed using SEM. The result of this analysis is shown in Fig. [11](#Fig11){ref-type="fig"}b.Fig. 11UV-Vis spectrum of the colloidal phase of palladium obtained as a result of reduction reaction of Pd(II) ions with L-ascorbic acid in a batch reactor. Conditions: *T* = 40 °C, *I* = 0.0 M, C~0,\ Pd(II)~ = 0.3 mM, C~0,\ AA~ = 0.6 mM (**a**). Pd/ACF obtained as a result of nanoparticles synthesis in a batch reactor and their deposition on active carbon fibers. Conditions: T = 40 °C, I = 0.0 M, C~0,\ Cl¯~ = 0.0 M, C~0,\ Pd(II)~ = 0.3 mM, C~0,\ AA~ = 0.6 mM (**b**)

As it can be seen (Fig. [11](#Fig11){ref-type="fig"}a), the spectrum for colloidal palladium changed after impregnation step. It suggests that either some palladium particles can be adsorbed on ACF or some aggregates are formed. Similarly to the synthesis carried out in a microreactor, the reappearance of the spectrum band was registered after impregnation stage with maximum at 207 and 236 nm. It was also observed that during impregnation of ACF, the solution changed color to darker one (Fig. [11](#Fig11){ref-type="fig"}a), and this result is opposite to the effect observed in a microreactor (Fig. [8](#Fig8){ref-type="fig"}d, d′). It suggests that the PdNP deposition on ACF carried out in a batch reactor is ineffective even after much longer time than it took in a microreactor. Hydrodynamic radius indicates that the size of particles obtained in a batch route before impregnation equals 8.4 ± 1.8 nm (95.5%) and 22.8 ± 9.8 (4.5%) (values calculated by number). After impregnation step, the size of obtained particles is equal to 21.1 ± 6.6 (100%). It suggests that during 1 h, the size of particles in the solution enlarged. Microscopic analysis was performed to verify the efficiency of the particle deposition process on activated carbon fiber surface. The result is presented in Fig. [11](#Fig11){ref-type="fig"}b. It can be seen that the amount of deposited particles on the ACF is much lower than in case of the process conducted in a microreactor (Fig. [10](#Fig10){ref-type="fig"}f).

Conclusions {#Sec14}
===========

As a result of Pd(II) reduction with L-ascorbic acid and nucleation and growth of nanoparticles in a flow microreactor, it was possible to obtain palladium nanoparticles of different sizes, size distribution, and shapes in one cycle. On the one hand, no significant effect of the reducer concentration on the size of the resulting particles was observed. On the other hand, it has been observed that as the concentration of L-ascorbic acid increases, the shape of the resulting palladium nanoparticles is more diverse.

It was found that at constant temperature of 40 °C and the total flow rate of the reactants of 6.0 ml/min, palladium nanoparticles were obtained, which are similar in irregular shape and size in the range from 10 to 50 nm. Microscopic observations revealed the presence of aggregates (Fig. [10](#Fig10){ref-type="fig"}g, h) for higher values of concentration of Pd(II) ions.

The use of the flow allowed for the simultaneous synthesis of particles and their immediate deposition on carbon fibers in one step. Depending on the initial reactant concentrations, different levels of carbon fiber surface coverage were obtained. The best coverage and particles distribution of Pd deposited on ACF were obtained for 0.3 mM solution of metal precursor and 0.6 mM solution of reductant (Fig. [10](#Fig10){ref-type="fig"}e, f).The radius of the deposited palladium nanoparticles ranged from 25 to 30 nm. The experiment performed in the batch reactor carried out under optimal conditions speaks in favor of the process conducted in the microreactor. We showed that under optimal conditions, it is hardly possible to deposit PdNPs on ACF in the batch (Fig. [11](#Fig11){ref-type="fig"}b).

In general, application of microreactors has an advantage over batch reactor. Small size and high surface to volume ratio of the space for the reaction enable precise temperature control and high efficiency of heterogeneous mass transfer. Moreover, the possibility of combining reactors in parallel may enhance total production capacity over time. This technique can contribute to green sustainable chemical synthesis by decreasing energy consumption and reagents and by production of a small amount of waste. An additional advantage is the intensification of the process. The change in the construction of the microreactor may income the flow rates and to shorten residence time significant (Zhang et al. [@CR36]).
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